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Experiments were conducted with water samples from two perialpine lakes with differing eutrophication status in order to ex-
amine the effects of inorganic-nutrient amendments (nitrogen as NO3

� or NH4
� and phosphorus as PO4

3�) on the dynamics,
structure, and composition of Planctomycetes and to test the hypothesis that the community structure of Planctomycetes mem-
bers and that of the other bacteria (without Planctomycetes, here referred to as bacteria-wP, the most represented groups within
the community) would be similarly impacted by nutrient additions. Initial samples were characterized by high total nitrogen-to-
total phosphorus ratios (range, 39 to 55), suggesting P rather than N was the limiting nutrient for microbial communities. Con-
sistent with this, P additions stimulated phytoplankton growth and affected the community structure of bacteria-wP but, sur-
prisingly, not that of Planctomycetes. N additions did not significantly affect the community structures of bacteria-wP and
Planctomycetes or the Planctomycetes phylotype composition. The estimated generation time of Planctomycetes was 123 h. These
findings could suggest that the generally well-accepted statement that bacteria (as a whole) are superior to phytoplankton in the
ability to obtain phosphorus under P limitation might actually not hold for Planctomycetes. Planctomycetes might be poor com-
petitors for P that do not respond quickly to the nutrient supply, which may help explain why their abundance is low in aquatic
systems. The alternative view that Planctomycetes could be strong competitors for P (storing it) is also discussed. Our findings
highlight the need for further studies examining Planctomycetes-phosphorus relationships in aquatic ecosystems.

Planctomycetes are still among the less known bacterial phyla in
terms of both dynamics and diversity, although the number of

studies focusing on them has substantially increased during the
past 2 decades (references 1 and 2 and references therein). In
aquatic ecosystems, they represent between 0 and 11% of plank-
tonic prokaryotic communities (3, 4, 5, 6, 7). Despite this low
abundance, the role of Planctomycetes in aquatic ecosystem func-
tioning is increasingly recognized, given their involvement in ni-
trogen and carbon cycling (6, 8, 9, 10). Field studies have shown
increases in abundances and changes in the composition of Planc-
tomycetes during or after phytoplankton or cyanobacterial blooms
(7, 11). In line with this, studies using genomic approaches have
shown that Planctomycetes possess genes involved in the degrada-
tion of plant detritus and algal polymers (12, 13).

While these new data support the idea that Planctomycetes play
a major role in aquatic ecosystem functioning, little is known
about factors controlling the dynamics of their members and why
their abundance in the water columns of these ecosystems is so
low. Understanding this requires examining responses and/or re-
lationships of Planctomycetes to changes in environmental condi-
tions (including resources such as inorganic nutrients) and/or the
impacts of viruses and grazers, since the abundance of an organ-
ism at a given time is the outcome of the balance between growth
and mortality. Such information is scarce for Planctomycetes,
partly because most such studies on freshwater bacterial commu-
nities have used general bacterial primers for amplification of 16S
rRNA genes; these primers generally amplify the most represented
bacterial phyla (Actinobacteria, Proteobacteria, and Bacteroidetes)
well, but not Planctomycetes. Available data suggest that Plancto-
mycetes might actually be maintained at low abundance in aquatic
systems by mortality induced by viruses (5) and heterotrophic
nanoflagellates (HNF) (6). On the other hand, the very few studies
that have examined Planctomycetes growth have reported genera-
tion times above 100 h (14), suggesting that Planctomycetes might
be slow-growing bacteria. However, the fact that Planctomycetes

abundances increase during or after phytoplankton blooms
(which are known to release large amounts of carbon, nitrogen,
and phosphorus) indicates that dissolved organic matter (DOM)
and inorganic-nutrient availability are key factors enhancing
Planctomycetes growth and suggests that their low abundance
might also be an indication that they are poor competitors for
some nutrients. An experimental study has also shown strong in-
creases in the abundance of pelagic Planctomycetes (estimated by
fluorescent in situ hybridization) following additions of inorganic
nitrogen and phosphorus, alone or in combination, in the absence
of grazers (6). In many cases in that study, the increase in Planc-
tomycetes abundances was greater than (N addition) or similar to
those of dominant groups, such as betaproteobacteria (6). The few
studies reporting on factors that might control Planctomycetes
members also suggest an important role for inorganic nutrients
(1, 15). For instance, different vertical distributions of Planctomy-
cetes genera were reported in the suboxic zone of the Black Sea in
relation to nitrate versus ammonium concentrations (15). Re-
cently, we have also found in two perialpine lakes that variations in
the number of genetic sequences belonging to dominant Plancto-
mycetes phylotypes were mainly explained by nitrate and the ratio
of inorganic N to inorganic P (1). Although these empirical rela-
tionships suggest different responses of members of the Plancto-
mycetes to nutrients, how the supply of inorganic nutrients
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(a common event in aquatic ecosystems) affects Planctomycetes
members is virtually unknown.

The aim of this study was to experimentally examine the effects
of inorganic-nutrient (nitrate, ammonium, and phosphate)
amendments on the dynamics (changes in taxonomical structure
and abundance) of pelagic Planctomycetes. In order to understand
whether Planctomycetes and the other bacteria (the most repre-
sented phyla in the communities) are impacted in similar ways by
resource supply in aquatic systems, we compared variations in the
structure of the Planctomycetes community, as determined using
specific primers, to those of the other bacteria (referred to here as
bacteria-wP, i.e., the bacterial community without Planctomyce-
tes) as determined using general primers known to fail to amplify
or to poorly amplify Planctomycetes (see references below). Be-
cause we showed in our previous study that Planctomycetes com-
munities are structured similarly to the entire bacterial commu-
nity, i.e., characterized by the existence of a few dominant
operational taxonomic units (OTUs) and numerous rare OTUs
(1), we expected that inorganic-nutrient amendments could have
similar impacts (significant changes or no change at all) on the
community structures of Planctomycetes and bacteria-wP.

(This work was part of the fulfillment of the requirements
for a Ph.D. [Doctorat d’Université] degree from Université de
Grenoble by T. Pollet.)

MATERIALS AND METHODS
Experiment design. The samples used in the experiments in the present
study were collected at 2-m depth in two French deep perialpine lakes with
different eutrophication status: Lake Annecy (oligotrophic) and Lake
Bourget (mesotrophic). Four microcosm experiments were conducted
during the summer months in 2009 and 2010. For each experiment, water
samples were prefiltered through a 200-�m net to eliminate metazoo-
plankton. All incubations were performed in situ at the 2-m depth in
4-liter transparent polycarbonate bottles (Nalgene); they lasted 3 days for
experiments with inorganic phosphorus or 4 days for experiments with
inorganic nitrogen.

Three of the four experiments were conducted to evaluate the impacts
of inorganic N additions on Planctomycetes. The first experiment (exper-
iment 1) was performed with samples from Lake Bourget and started on
27 July 2009. The second (experiment 2) and third (experiment 3) exper-
iments were performed with samples from Lake Annecy and started on 10
August and 24 August 2009, respectively. Treatments were either un-
amended (control, no nutrient added) or enriched with ammonium
(NH4

� as ammonium chloride; Sigma) or nitrate (NO3
� as calcium ni-

trate; Sigma), with each of these N sources added at a final concentration
of 10 �M. Each treatment was prepared in four replicates.

The fourth experiment (experiment 4) was conducted to evaluate the
impacts of inorganic phosphorus additions on Planctomycetes and started
on 9 August 2010. This experiment was performed with samples from
Lake Annecy, which is known to have very low P concentrations (total
phosphorus, generally �8 �g liter�1 [16]). Treatments were either un-
amended (control, no nutrient solution added) or enriched with phos-
phate (PO4

3� as K3PO4; Sigma) at final concentrations of either 0.21 �M
or 0.64 �M. The treatment with P at 0.21 �M was prepared to provide
approximately twice the highest phosphate concentration often found in
August in the top 5 m in the lake (�0.12 �M), while the treatment with P
at 0.64 �M was prepared to mimic mesotrophic conditions. Each treat-
ment was prepared in triplicate.

For each of these experiments, subsamples were taken prior to nutri-
ent additions, a few minutes after the additions (T0; initial values), and
then every 24 h (T24, T48, T72, and T96) for analyses of variables. Inorganic-
nutrient (NO3

�, NH4
�, and PO4

3�) concentrations were analyzed only
in subsamples taken prior to the additions. Total bacterial abundances

and the community structure of Planctomycetes and bacteria-wP were
analyzed in subsamples taken every 24 h, from T0 for all four experiments.
For experiment 3, in addition to the variables mentioned above, we per-
formed detailed analyses of Planctomycetes communities at a finer taxo-
nomic resolution, i.e., at the OTU level, and estimated the abundances of
Planctomycetes and HNF at T0 and T48. For experiment 4, because P con-
centrations are often very low in Lake Annecy (the samples used in this
case), chlorophyll a (Chl a) concentrations were estimated at the begin-
ning and at the end of incubation in order to check whether phytoplank-
ton was P limited, as the activity of these autotrophs may affect bacterial
community structure (through competition for the nutrient or release of
DOM).

Nutrient and chlorophyll a concentrations. Inorganic-nutrient (ni-
trate, ammonium, and phosphate) concentrations were analyzed using
standard colorimetric methods (Association Française de Normalisation
[AFNOR] NF EN 1189, NF T90-015, and NF EN ISO 26777). Chl a con-
centrations were determined by spectrophotometry (17) after filtration of
water samples on Whatman GF/F filters.

Total bacterial and Planctomycetes abundances. Total bacterial
abundances were estimated from formaldehyde-preserved samples (2%
final concentration) using a flow cytometer (FacsCalibur; Becton, Dick-
inson) equipped with a laser emitting at 488 nm. Yellow-green 0.92-�m
fluorescent latex beads were used as an internal standard. Samples were
run at low speed (10 to 12 �l min�1). Prior to analyses, subsamples (500
�l) of the formaldehyde-preserved samples were spiked with 1 �l of the
working solution (stock solution diluted 10 times) of the nucleic acid dye
SYBR green II to stain bacteria. Analyses were performed after 15-min
incubation of the prepared subsamples in the dark at room temperature.

To estimate Planctomycetes abundances, 10-ml water samples were
fixed with paraformaldehyde (final concentration, 4%) overnight at 4°C
and then filtered through 0.2-�m-pore-size polycarbonate membrane fil-
ters rinsed with MilliQ water. The abundances of Planctomycetes collected
on these filters were estimated using the probe PLA886 (3) and the cata-
lyzed reporter deposition-fluorescence in situ hybridization (CARD-
FISH) technique (18). Briefly, the filters were first embedded in agarose
(0.1% [wt/vol]). They were then incubated in a fresh lysozyme solution
(10 mg ml�1) at 37°C for 1 h for cell wall permeabilization and then
washed with MilliQ water, dehydrated with 96% ethanol, and dried at
room temperature. The filters were incubated in 0.01 M HCl solution at
room temperature for 10 min to inhibit endogenous peroxidases. Each
filter was cut into several small sections. Each section was then covered
with 300 �l of hybridization buffer plus 1 �l of probe working solution
(50 ng �l�1) and incubated at 35°C for 2 h. After incubation, the filters
were washed in a preheated washing buffer at 37°C for 10 min and then
incubated again in 1� phosphate-buffered saline (PBS) for 15 min at
room temperature. At the end of this incubation, the filters were covered
with a solution containing 1,000 �l of the amplification buffer, 10 �l of an
H2O2 solution (1 �l H2O2 plus 200 �l 10% SDS), and 2.5 �l of the fluo-
rescently labeled tyramide and then incubated on a rotating shaker at 37°C
for 15 min in the dark. The filters were then washed in 1� PBS for 10 min
in the dark and then in MilliQ water and finally dried with absolute eth-
anol. Counts were performed under an epifluorescence microscope
(Olympus BX-61) equipped with the appropriate light filters (for Cy3 and
DAPI [4=,6-diamidino-2-phenylindole]). At least 300 stained cells were
counted on a random basis for each part of the filter (three parts for each
filter) at a magnification of �100 using immersion oil.

HNF abundances. Subsamples for HNF analyses were preserved using
glutaraldehyde (final concentration, 1%). HNF were counted under an
epifluorescence microscope (Olympus BX-61) after staining preserved
samples with DAPI (3-mg liter�1 final concentration) and filtration
through 0.8-�m polycarbonate filters.

Bacterial and Planctomycetes community structures. Subsamples
taken during experiments for characterization of bacterial and Planctomy-
cetes community structures (350 ml) were first filtered through a 2-�m-
pore-size polycarbonate membrane filter (Nuclepore) to eliminate larger
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eukaryotes. The bacterioplankton remaining in the filtrate were then col-
lected through gentle filtration (using a peristaltic pump) on 0.2-�m-
pore-size polycarbonate filters (Nuclepore), which were stored at �20°C
until the nucleic acid extraction was performed. Nucleic acid extraction
was carried out as described previously (19).

PCR amplifications were performed with the PTC-100 Thermal Cy-
cler (MJ Research Inc.). The PCR mixtures (50-�l volumes) contained
approximately 30 ng of extracted DNA, 10� Taq reaction buffer (Euro-
bio), 120 �M each deoxynucleotide, 1 �M Planctomycetes-specific
(PLA352F-GC/PLA920R [20, 21]) or bacterial (358F-GC/907RM [22,
23]) primers, bovine serum albumin (Sigma; 0.5-mg ml�1 final concen-
tration), and 1.25 U Taq DNA polymerase (Eurobluetaq; Eurobio). The
general primers 358F-GC/907RM were used to amplify sequences of the
bacteria-wP, i.e., the bacterial community excluding Planctomycetes. In
previous studies, including in Lake Annecy and Lake Bourget, this primer
set was indeed found either not to detect Planctomycetes or to detect only
a few sequences belonging to them, less than 1% of the total number of
bacterial sequences (24, 25; R. D. Tadonléké, T. Pollet, P. van Rijswijk, B.
Leberre, and J. J. Middelburg, unpublished data). After incubation at 96°C
for 5 min, a touchdown PCR was performed using 10 cycles consisting of
denaturation at 96°C for 1 min, annealing at 68°C (for Planctomycetes) or
65°C (for bacteria-wP) for 1 min, and primer extension at 72°C for 1 min.
The annealing temperature was decreased by 1°C every cycle until the
touchdown temperature of 58°C (for Planctomycetes) or 55°C (for bacte-
ria-wP) was reached. Twenty (for the Planctomycetes PCR protocol) and
16 (for the bacteria-wP PCR protocol) additional standard cycles were
carried out at an annealing temperature of 58°C (for Planctomycetes) or
55°C (for bacteria-wP), and a final extension step was performed at 72°C
for 5 min. The presence of PCR products was checked by analyzing 7 �l of
products on 1% agarose gels.

The denaturing gradient gel electrophoresis (DGGE) technique was
used to characterize the community structure of Planctomycetes and that
of bacteria-wP. Since this technique is unlikely to detect OTUs accounting
for less than 1% of the total community (22), the bacterial community
detected with the general primers in this study was considered free of
Planctomycetes and is therefore called bacteria-wP. DGGE of the PCR
products was performed on a 6% (wt/vol) polyacrylamide gel with a linear
gradient of urea and formamide increasing from 50% to 70% from the top
to the bottom of the gel for the Planctomycetes PCR products and from
40% to 80% for the bacteria-wP PCR products. Electrophoresis was per-
formed in 1� Tris-acetate-EDTA (TAE) buffer at 60°C at a constant volt-
age of 120 V for 18 h. Gels were then stained for 1 h in 1� TAE buffer
containing SYBR gold (1:5,000 final concentration), rinsed with distilled
water, and visualized and enumerated on a UV transilluminator (Tex-
35M; Bioblock Scientific). The gel pictures were analyzed using Gel Com-
pare II software, and the Shannon diversity index (H=) was estimated for
each profile using the software Past (http://folk.uio.no/ohammer/past).
As mentioned above, the responses of Planctomycetes in terms of varia-
tions in the community structure were compared to those of bacteria-wP
in order to understand whether Planctomycetes and the dominant bacteria
are impacted in the same way by the nutrient supply.

The detailed analysis of Planctomycetes OTU composition in experi-
ment 3 was carried out using a cloning-sequencing approach. The PCR
products were cloned using the TOPO TA cloning kit (Invitrogen) ac-
cording to the manufacturer’s instructions. For each sample, 96 positive
clones (white colonies) were randomly selected, verified by PCR using the
commercial primer M13 (Promega), and finally sequenced (GATC Bio-
tech). The sequences were then edited, aligned using Genedoc (26), and
checked for chimeras using Bellerophon (27) and Check Chimera in the
Ribosomal Database Project (RDP) (28). OTUs were defined on the basis
of �98% sequence identity, and the diversity was estimated by the Shan-
non diversity index. The Chao1 and abundance-based coverage estima-
tors of species richness were calculated using the software EstimateS
(http://viceroy.eeb.uconn.edu/estimates). Rarefaction curves were also
calculated, using the software PAST (http://folk.uio.no/ohammer/past).

A phylogenetic analysis was performed by neighbor joining using MEGA4
software (http://www.megasoftware.net) to determine the affiliation of
each OTU to the different Planctomycetes clusters currently known.

Statistical and DGGE analyses. Changes in bacterial and Planctomy-
cetes abundances, HNF abundance (experiment 3), and Chl a concentra-
tions (experiment 4) were evaluated using a two-way (nutrient � time)
analysis of variance (ANOVA). DGGE gel banding patterns were analyzed
using Gel-Compare II. Each band was described by its position and its
relative intensity in the profiles. For each profile, the Shannon diversity
index was estimated. Comparative analysis of DGGE fingerprints was car-
ried out with PAST and Primer 6 software. Ordination of Bray-Curtis
similarities among normalized sample profiles was performed by non-
metric multidimensional scaling (MDS). This ordination technique was
used to determine relationships among sample profiles, considered rep-
resentative of bacterial or Planctomycetes community structures in each
sample. The different groups (ellipses) presented in MDS were statistically
defined according to the Bray-Curtis index using Primer 6 software. The
degree to which the plot matches the similarity matrix can be judged by
examining the stress values, defined here as Kruskal’s stress formula (29).
Stress values lower than 0.1 indicate good ordination, i.e., with few risks of
misinterpretation of patterns (30). To test the null hypothesis that there
was no significant difference between the groups discriminated according
to the MDS analysis, we conducted an analysis of similarities with the
subroutine ANOSIM of the software Primer. ANOSIM is a nonparametric
test designed to perform statistical comparisons of multivariate data sets
in a manner similar to univariate techniques (ANOVA) (31). ANOSIM
first calculates the R statistic, which displays the degree of separation be-
tween groups. Complete separation is indicated by an R value of 1, and an
R value of 0 suggests no separation. Having determined R, ANOSIM as-
signs samples randomly to different groups to generate a null distribution
of R (Monte Carlo test) in order to test whether within-group samples are
more closely related to each other than would be expected by chance.
UNIFRAC analysis (32) was used to statistically compare the different
clone libraries.

Nucleotide sequence accession numbers. Novel sequences deter-
mined in this study were deposited in GenBank under accession numbers
KF704718 to KF704741.

RESULTS
Initial nutrient concentrations. The nutrient data clearly indi-
cated that initial samples (i.e., prior to nutrient additions) used in
our experiments were relatively rich in nitrogen but very poor in
phosphorus (Table 1). As a consequence, the ratio of dissolved
inorganic nitrogen (DIN) to dissolved inorganic phosphorus
(DIP) and that of total nitrogen (TN) to total phosphorus (TP)
were �36, ranging from 37 to 130 and from 39 to 55, respectively
(Table 1).

Impacts of nutrient additions on total bacterial abundances,
Planctomycetes abundances, HNF abundances, and Chl a con-
centrations. During the four experiments, nutrient (N or P) ad-
ditions generally had no significant effects on total bacterial abun-
dances. Total bacterial abundances varied significantly only with
time (two-way ANOVA; P � 0.05) (Fig. 1A to D).

Variations in Planctomycetes abundances during experiment 3
(samples from Lake Annecy) are presented in Fig. 2. Time, treat-
ment, and their interactions (time � treatment) had significant
effects on these abundances (P � 0.001). However, the effects of
treatment occurred only at T48, when Planctomycetes abundances
were significantly lower in treatment with ammonium or nitrate
than in the control (Fig. 2A). Except in the control, Planctomycetes
abundances and contribution to total prokaryote abundance de-
creased from T0 to T48 (Fig. 2A and B), in contrast to total bacterial
abundance, which did not decrease at all over time (Fig. 1C). Vari-
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ations in the Planctomycetes abundances in the control (the only
sample with a general increasing trend in abundance) yielded a
growth rate estimate of 0.135 day�1, assuming an exponential
model. This corresponded to a generation time of �123 h, i.e.,
more than 5 days.

Time, nutrients, and their interactions (time � nutrients) also
had significant effects on HNF abundances in experiment 3 (P �
0.01). Like Planctomycetes abundances, HNF abundances de-
creased from T0 to T48 and were lower in nitrogen-amended treat-
ments than in the control at T48 (Fig. 2C). Figure S1 in the sup-
plemental material shows variations in Chl a concentrations
measured in the experiment with phosphorus additions (experi-
ment 4). At T0, the Chl a concentration was 1.07 mg m�3. Con-
centrations at T72 in the control were very similar to those at T0

and significantly lower than those in treatments with phosphorus

at T72 (1.68 and 1.94 mg m�3 for treatments P1 and P2, respec-
tively; P � 0.01), suggesting that incubation alone and potential
bottle effects did not significantly affect the communities under
study and indicating P stimulation of phytoplankton (Table 1).

Impacts of nutrient additions on the community structure of
bacteria-wP and Planctomycetes. For each experiment, the
DGGE banding patterns of the different replicates of each treat-
ment were similar at each sampling time point. The DGGE pro-
files used for nonmetric MDS analyses were obtained after pooling
aliquots of DNA extracts from different replicates of each treat-
ment at each sampling time point, since all the replicates from an
experiment (48 or 60) could not be placed in the same gel. As
might be expected, the number of DGGE bands obtained for bac-
teria-wP (ranges, 16 to 20, 26 to 27, 21 to 23, and 20 to 29 for
experiments 1, 2, 3, and 4, respectively) was always much higher

TABLE 1 Nutrient concentrations measured at the beginning of each experiment prior to nutrient addition

Parametera (units)

Value

Nitrogen addition expt

Phosphate addition expt
(Annecy expt 4; 9 August 2010)

Bourget expt 1
(27 July 2009)

Annecy expt 2
(10 August 2009)

Annecy expt 3
(24 August 2009)

NH4
� (mg liter�1) 0.009 0.009 0.01 0.002

NO3
� (mg liter�1) 0.14 0.12 0.12 0.11

TN (mg liter�1) 0.31 0.22 0.22 0.27
PO4

3� (mg liter�1) 0.004 0.001 0.001 0.003
TP (mg liter�1) 0.008 0.004 0.004 0.005
DIN:DIP 37.3 129 130 37.3
TN:TP 38.8 55 55 54
a TN, total nitrogen; NH4

�, ammonium; NO3
�, nitrates; TP, total phosphorus; PO4

3�, phosphates; DIP, dissolved inorganic phosphorus; DIN, dissolved inorganic nitrogen; DIN:
DIP and TN:TP, nitrogen-to-phosphorus ratios.

FIG 1 Variations in the total bacterial abundances after addition of NO3
� or NH4

� (experiment 1, in Lake Bourget [A], and experiments 2 and 3, in Lake Annecy
[B and C]) or phosphate (experiment 4, in Lake Annecy [D]). The asterisks indicate the sampling time points for which treatments were significantly different
from the control. The error bars indicate standard deviations.
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than that of Planctomycetes (ranges, 8 to 10, 7 to 8, 11 to 14, and 7
to 10 for experiments 1, 2, 3, and 4, respectively). For each time
point, no significant difference was found between the treatments
and the control in the Shannon diversity index estimated for bac-
teria-wP or for Planctomycetes communities based on the number
and intensity of bands (data not shown).

MDS ordination plots obtained from the different DGGE gels
are presented in Fig. 3. As indicated by the goodness of fit of the
Kruskal stress values, which were always lower than 0.1, the dis-
tances in the different MDS ordinations reflect relatively well the
magnitude of similarity in DGGE patterns between samples. For
each analysis, the nonparametric ANOSIM subroutine of Primer
confirmed the robustness of the separation of the groups that were
discriminated groups, as the R value was equal to 0.73 in one case
and close to 1 in the other cases (Fig. 3A to H).

The plots showed that for experiments dealing with N addi-
tions (Fig. 3A to F), there were distinct community structures
between the period T0 to T48 and the period after T48 for both
Planctomycetes and bacteria-wP for two experiments (1 and 2) out
of three. For these N experiments, treatments (NH4

� and NO3
�)

and controls for each sampling time point are within the same
ellipse (i.e., belong to the same group) in the MDS plots for both
bacteria-wP (except for T48 in experiment 3) and Planctomycetes
(Fig. 3A to F), which indicates a general lack of significant effects
of N additions on the community structures of these bacteria. In
contrast, as indicated by the fact that treatments (P1, 0.21 �M, or
P2, 0.64 �M) and controls were no longer in the same ellipse after
T24, P additions (experiment 4) resulted in significant changes in
the community structure of bacteria-wP compared to the controls
after 24 h of incubation, even though no significant effects of P

concentration were found (Fig. 3G). Interestingly, P amendments
had, in contrast, no significant effects on Planctomycetes commu-
nity structure, as for each sampling time point, treatments (P1 or
P2) and controls were always in the same ellipse (Fig. 3H). More-
over, the Planctomycetes community structures were similar be-
tween sampling time points, in contrast to the bacterial-wP com-
munity structure, which showed a marked shift from the period T0

to T48 to the period after T48 (Fig. 3G and H), as was observed for
N additions.

Impacts of N additions on Planctomycetes composition. As
mentioned above, we performed detailed analyses of Planctomy-
cetes composition at T0 and T48 for experiment 3. The four clone
libraries obtained (T0, T48-control, T48-NH4, and T48-NO3)
yielded 25 OTUs (accession numbers, KF704718 to KF704741).
The values of the Chao1 estimator (8 	 2.2, 13 	 2.9, 28 	 13.2,
and 17 	 5.5 for T0, T48-control, T48-NO3, and T48-NH4, respec-
tively) and rarefaction curves (data not shown) indicated that we
did not obtain a sufficient number of sequences to detect the
whole Planctomycetes OTU richness in the different treatments.
Among the 25 OTUs, 21 accounted for less than 5% of the se-
quences. Four (OTU1, OTU2, OTU3, and OTU4) were repre-
sented by a minimum of 5 sequences (�5%) in at least one sam-
ple, and all four together accounted for 82.9% to 94.4% of the total
Planctomycetes sequences (Fig. 4). OTU1, OTU2, and OTU3 be-
long to the genus Pirellula/Blastopirellula, while OTU4 was affili-
ated with the genus Gemmata/Zavarzinella. OTU1 was dominant
in all four clone libraries, accounting for 38.7% to 55.4% of the
sequences (Fig. 4). UNIFRAC analyses showed no significant dif-
ferences between the three different clone libraries (T48-control,
T48-NO3, and T48-NH4) after 48 h of incubation, although some

FIG 2 Variations in Planctomycetes abundances (A), in their relative contribution to the total number of prokaryotic cells estimated with DAPI (B), and in HNF
abundances (C) during experiment 3 (Lake Annecy). The error bars indicate standard deviations.
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variations in the proportions of the dominant OTUs were ob-
served (P � 0.1) (Fig. 4).

DISCUSSION

Understanding the impacts of inorganic nutrients (NO3
�, NH4

�,
and PO4

3�) on bacterioplankton is of great interest, since aquatic
systems frequently receive inputs and pulses of these nutrients,
which may accelerate their eutrophication. The effects of nutrient
additions on bacterial communities and on dominant bacterial
phyla have been studied extensively and are now well known (33,
34, 35, 36, 37, 38). However, while empirical studies suggest dif-
ferent responses of members of Planctomycetes to nutrients (1,
15), the impacts of the inorganic-nutrient supply on members of

this nondominant but ecologically and functionally important
bacterial phylum remain unknown. Because we showed in our
previous study (1) that Planctomycetes communities are struc-
tured similarly to the entire bacterial community, i.e., character-
ized by the existence of few dominant OTUs and numerous rare
OTUs, we predicted that inorganic-nutrient amendments could
have similar impacts on the two communities.

Consistent with our previous findings during studies con-
ducted in Lake Annecy and Lake Bourget in 2008 (1), the present
study showed that Planctomycetes communities comprised a few
(3) dominant OTUs and numerous (21) OTUs present in very low
proportions (generally �2%) (Fig. 4). This strengthens our pre-
vious conclusion that Planctomycetes communities are structured
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similarly to the entire bacterial community (1). However, con-
trary to what we expected, P additions in this study significantly
changed the community structure of bacteria-wP (i.e., the most
represented bacterial groups) but not that of Planctomycetes (Fig.
3G to H). Moreover, the community structure of Planctomycetes
was extremely stable throughout this experiment (similar from
one sampling time point to another), while that of bacteria-wP
exhibited a marked shift after T48 (Fig. 3G to H). Microbial com-
munities in the experiment were undoubtedly limited by P prior
to its supply, as indicated by stimulation of phytoplankton growth
after P additions (see Fig. S1 in the supplemental material). This
response was consistent with the very small P amounts in initial
samples and with the TN:TP ratio being largely higher than 16 (by
mass), the threshold beyond which P limitation of phytoplankton

often occurs (39, 40). Bacterioplankton-phytoplankton interac-
tions are very complex, and understanding them requires sophis-
ticated approaches (41). We do not pretend that we have investi-
gated or solved this issue here. Potential indirect influences of
nutrient addition on bacterial community composition via stim-
ulated growth of phytoplankton cannot be ruled out in this study.
However, our findings and data from literature suggest that the
responses of bacteria-wP to P additions were mainly direct effects
of P (i.e., not mainly due to indirect effects of exudates released by
the stimulated phytoplankton). First, if these responses were
mainly due to exudates, Planctomycetes would have likely also re-
sponded, since they are known to increase during or after phyto-
plankton blooms in nature (7, 11). Second, experimental studies
using grazer- and phytoplankton-free samples (i.e., filtered on
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0.8-�m filters) have shown P stimulation of bacterioplankton as a
whole in Lake Annecy (42). Third, another study in the lake has
shown on an annual scale that inorganic nutrients outweighed
other physicochemical parameters (including Chl a) in explaining
variance (�60% versus 12%) of bacterial community structure
(as characterized with the same primers used here for bacteria-
wP) (43). Finally, there is evidence indicating that under P limita-
tion, bacterioplankton do not efficiently use phytoplankton exu-
dates (44).

Bacterial communities are reported to be stronger competitors
for P than phytoplankton, owing to their higher P uptake kinetics
(45). The lack of responses of Planctomycetes to P additions, there-
fore, contrasted with this generally well-accepted knowledge
based on studies considering bacteria as a whole (45). Although
PCR-DGGE generally does not detect OTUs representing �1% of
the total community and may overlook some changes in bacterial
composition at a fine phylogenetic level (22), the technique has
been shown to detect changes concerning dominant phylotypes
within Planctomycetes targeted using specific primers (1). Hence,
changes (if any) would have been detected by DGGE in the Planc-
tomycetes community structure in this study following P addition
if they were major. Our results therefore raise hypotheses about
the ability of Planctomycetes to acquire P in natural environments
within mixed microbial communities. One of the most consistent
arguments is that Planctomycetes could be poor competitors for P
acquisition compared to other bacteria and phytoplankton. In-
deed, bacteria with high growth rates generally respond quickly to
environmental changes, such as nutrient inputs, compared to bac-
teria with low growth rates (37). This view of Planctomycetes as
slow-growing bacteria (as we hypothesized) is supported by the
long generation time (slightly more than 5 days) found during this
study, similar to that (�5 days) reported by the few studies that we
are aware of on this aspect of Planctomycetes ecology (14). The
possibility that grazing and viral lysis also influenced Planctomy-
cetes abundance (5, 6) and therefore the estimated generation time
cannot be excluded. Unfortunately, we do not have data on viruses
to explore this view. However, we are not aware of any study
reporting viruses as the main drivers of Planctomycetes abun-
dance. Regarding grazing, if Planctomycetes were strongly con-
trolled by HNF (e.g., eaten as fast as they were growing), the sig-

nificant decrease in HNF abundance observed, for example, at T48

in the treatment with NO3
� compared to the controls (Fig. 2C),

would have likely resulted in increases in Planctomycetes abun-
dance compared to the controls. This was not the case, supporting
the idea of slow growth for Planctomycetes. Our results seem to be
consistent with those of a recent study showing that natural bac-
teria may be extremely poor in P (46), an indication that they are
not always as strong competitors for P as they are usually said to
be, contradicting the generally admitted idea that bacteria are al-
ways nutrient-rich components of the plankton (46). Our findings
could suggest that the generally admitted statement that bacteria
are superior to phytoplankton in the ability to obtain phosphorus
under P limitation might actually not hold for all bacterial phyla,
and in particular for Planctomycetes. From this perspective, com-
petition for P acquisition might be among the reasons why Planc-
tomycetes are in low abundance in aquatic systems, although the
lack of some specific resources not examined here may also be
involved. However, although not supported by the low growth
rate estimated here (0.135 day�1) and in other studies (14), an
alternative argument is that Planctomycetes could be strong com-
petitors for P and therefore not P limited. Another argument is
that Planctomycetes might have high affinity for phosphate, which
results in little to no effects of additions of extra P. Unfortunately,
data about Planctomycetes affinity for P are scarce, which limits
comparisons. Similar to our results, a study in the oligomesotro-
phic Lake Piburger See (P concentration, �15 �g liter�1) has
shown that Actinobacteria did not respond to a surplus of phos-
phorus, whereas other bacterial groups did (37). However, Acti-
nobacteria are known to be able to accumulate P as polyphosphate
within the cell (47), a capacity that may allow survival under P
starvation and may help explain a lack of response to P addition.
However, such a capacity, to our knowledge, has not yet been
shown for Planctomycetes. In a study investigating the effects of
oxygen deprivation on bacterioplankton, we found that Plancto-
mycetes members were among the dominant bacterial phylotypes
under oxygen-deficient conditions where bacterial cells were ac-
cumulating P (Tadonléké et al., unpublished). While this was sug-
gestive of a relationship with P, it was not in oxygenated waters, as
in this study, and remains to be demonstrated. Therefore, the
observed lack of response of Planctomycetes to P addition high-
lights the need for further studies on Planctomycetes-phosphorus
relationships to confirm whether they are strong or poor compet-
itors for P.

Recent studies have suggested that inorganic-nitrogen sources
are important nutrients in the dynamics and composition of
Planctomycetes communities (1, 6, 15). Interestingly, the results
from DGGE and clone libraries were similar, and both showed no
significant effects of N addition on the global community struc-
ture of Planctomycetes or of the other bacteria. Moreover, while
Planctomycetes abundances and contributions to total prokaryotic
abundances in controls in our experiment 3 (e.g., from 0.87% to
1.47% [Fig. 2A and B]) slightly increased over time and were
within the range of values generally reported in aquatic ecosys-
tems (3, 4, 5, 6, 7), those in N-amended samples decreased over
time and were lower than in controls (Fig. 2A and B). It should be
noted, however, that the abundance of Planctomycetes might have
been underestimated in this study, as the probe PLA886 does not
detect all Planctomycetes (3). The lack of effects of nutrient supply
on the structure of bacterial communities is common in environ-
ments where the added nutrient is already abundant in initial

FIG 4 Changes in the relative abundances (percentages) of Planctomycetes
OTUs found for each treatment at T0 and T48 during experiment 3 performed
in Lake Annecy.
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samples, as was the case here for nitrogen. The TN:TP ratios in all
our initial samples were indeed much higher than the Redfield
ratio (N:P 
 16), suggesting that N was not limiting for microbial
communities (Table 1). However, even though N was not limit-
ing, the temporal changes in the community structure of Plancto-
mycetes were different from those of the bacteria-wP (the most
represented bacterial groups) in two N experiments (experiment 1
and experiment 3) out of three (Fig. 3). In these two experiments,
the temporal dynamics displayed two phases, with a shift at T48,
for bacteria-wP, whereas for Planctomycetes, it showed either no
changes or three phases (Fig. 3A, B, E, and F). This supports the
idea that the dynamics of Planctomycetes were different from those
of the other members of the bacterioplankton.

High-throughput next-generation sequencing, such as pyrose-
quencing, would have likely provided more information on bac-
terial diversity and richness here. Unfortunately, at the time this
study was performed, pyrosequencing was still very expensive.
Given this cost, the number of samples to be analyzed (104), and
the fact that DGGE and cloning-sequencing are relevant to the
objectives of this study (which were not to investigate diversity),
we concluded at that time that the cost/benefit ratio of using py-
rosequencing was too high.

The reasons why the total abundance of Planctomycetes de-
creased in N-amended samples compared to the control (Fig. 2A
and B) remain unclear to us, in particular since a similar trend was
observed for HNF abundance, but not for total abundance of pro-
karyotes (Fig. 1 and 2). It is difficult to say whether this was due to
selective removal of Planctomycetes by grazers (mixotrophic flag-
ellates and HNF have been found to be important grazers of bac-
teria in the lake [48]) or to direct negative effects of N on some
microbes (as N was already abundant in the milieu, additional N
might have caused its concentration to become too high and
therefore toxic to Planctomycetes that prefer moderate N concen-
trations). For whatever reason, these results seemed to contrast
with those of another study reporting increases in Planctomycetes
abundance following N additions in samples from humic fresh-
water ecosystems (6). Methodological differences could be among
the reasons for these different results. For instance, the experi-
ments (6) dealt with the dilution-regrowth approach and grazer-
free samples. Planctomycetes were constrained by grazers in that
study (6). In such situations, removal of grazers coupled with
nutrient additions often result in positive responses of bacteria.

In conclusion, besides strengthening our previous conclusion
that Planctomycetes communities in aquatic ecosystems are com-
posed of a few dominant OTUs and numerous rare OTUs, this
study showed that this bacterial phylum did not respond to P
additions, while the other (dominant) bacteria and phytoplank-
ton were significantly affected. The lack of significant effects of N
additions on all the studied bacterial communities confirmed re-
sults commonly observed when the added nutrient is already
abundant in the milieu. Our findings suggest that the generally
well-accepted statement that bacteria are superior to phytoplank-
ton in the ability to obtain phosphorus under P limitation might
actually not hold for Planctomycetes and that members of the
group could be poor competitors for P. Although not really sup-
ported by the long generation time found here for Planctomycetes,
an alternative view could be that members of the bacterial phylum
might be strong competitors for P, with the capacity to store it
and therefore not to respond to its supply. Clearly, our findings
highlight the need for further studies on Planctomycetes-phospho-

rus relationships in aquatic ecosystems. These will likely provide
insight into their occurrence and temporal dynamics in aquatic
ecosystems, in particular relative to other bacteria and to phyto-
plankton.
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